Efficient delivery of stabilized nucleic acids (NAs) into cells and release of the NA payload are crucial points in the transfection process. Here we report on the fabrication of a nanoscopic cellular delivery carrier that is additionally combined with a label-free intracellular sensor device, based on biocompatible fluorescent nanodiamond particles. The sensing function is engineered into nanodiamonds by using nitrogen-vacancy color centers, providing stable non-blinking luminescence. The device is used for monitoring NA transfection and the payload release in cells. The unpacking of NAs from a poly(ethyleneimine)-terminated nanodiamond surface is monitored using the color shift of nitrogen-vacancy centers in the diamond, which serve as a nanoscopic electric charge sensor. The proposed device innovates the strategies for NA imaging and delivery, by providing detection of the intracellular release of non-labeled NAs without affecting cellular processing of the NAs. Our system highlights the potential of nanodiamonds to act not merely as labels but also as non-toxic and non-photobleachable fluorescent biosensors reporting complex molecular events.
Introduction
Delivery of exogenous nucleic acids (NAs) into cells can provide highly specific treatments for many devastating diseases with unprecedented efficiency. 1 In the past four decades, scientists have explored different approaches to gene therapy, including cellular delivery of mRNA, small interfering RNA, microRNA, DNA and plasmid DNA. However, these types of molecules are unstable in a biological environment, and vectors that enhance NA stability and targeting are under development to augment the therapeutic effect. 2 Viruses, synthetic polymers, lipids and nanoparticles are currently considered among the most promising vectors. Among other delivery systems, detonation nanodiamonds and their complexes with poly(ethyleneimine) (PEI) have remarkably low toxicity and excellent cytocompatibility [3] [4] [5] [6] and recently were used as highly effective carriers for cell transfection with plasmid DNA, 7,8 siRNA 7-10 and miRNA. 11 However, the detonation nanodiamond is non-fluorescent and does not allow a direct fluorescent tracking of the transfection. The use of so-called high-pressure high-temperature (HPHT) nanodiamonds has opened a possibility to track the transfection directly using engineered fluorescent nitrogen-vacancy (NV) centers.
12,13
Here we report on a NA nanocarrier device based on an oxygen terminated HPHT fluorescent nanodiamond containing NV centres. The device combines intracellular delivery with tracking and direct optical bio-molecular sensing of the delivery of an intact, non-labeled DNA. The NV color center operates here as a sensitive electric charge sensor which allows for monitoring of changes in a chemical environment close to the particle surface. 14 A crucial point in transfection is an understanding of efficient unpacking and release mechanism of the NA payload. 15 To study this process, considerable effort has been directed to the development of tools that allow monitoring of the intracellular fate of NAs. Most carriers described to date utilize fluorescent labels, which offer unprecedentedly high spatiotemporal resolution and a non-destructive approach. A number of NA conjugates with molecular fluorophores [16] [17] [18] [19] [20] [21] [22] [23] and fluorescent nanoparticles such as quantum dots, 24 carbon dots, 25 upconversion particles 26 and lanthanoid-based polymer beacons 27 have been prepared and examined. To gain a more detailed insight into NA polyplex dynamics and unpacking, researchers have used fluorescence resonance energy transfer (FRET) [28] [29] [30] [31] [32] and lanthanide resonance energy transfer (LRET). 33 These techniques have shown to be powerful for studying NA release dynamics, often at the single particle level. 16, 18, 21, 22, 34 However, there are serious disadvantages in the use of NAs labeled with fluorescent probes. These unnatural modifications affect the cellular processing of NAs, and higher labeling densities can lead to drastic effects on expression levels and biased conclusions. 35 The low stability of fluorescent labels is another significant issue. Whilst the labels quickly photobleach upon laser illumination, it does not allow monitoring of NA-cellular interactions for a prolonged period of time. Fluorescent nanoparticles such as quantum dots are blinking and typically contain a high concentration of cytotoxic elements. Moreover, such probes enable only passive labeling allowing for monitoring of position and motion. To our best knowledge, only two studies to date have successfully demonstrated imaging the intracellular release of non-labeled DNA. In one of these studies, the investigators reported that a complex ternary nano-assembly of poly(ethyleneimine) (PEI)-coated carbon dots, gold nanoparticles and plasmid DNA can detect the dissociation of DNA during transfection. The detection principle was based on quenching of carbon dot fluorescence by gold nanoparticles complexed with DNA and restoration of the fluorescence upon disassembly of the entire complex. 36 In a different study, researchers used Gd(III)-based cationic polymer beacons to provide information on DNA dissociation based on the change in Gd relaxivity. 27 The MRI readout of this process is valuable for in vivo imaging; however, it does not provide sufficient resolution for intracellular imaging. The development of alternative approaches is therefore urgently needed. The nanoparticle carrier described here enables both effective transfection with non-labeled DNA and direct monitoring of payload detachment inside the cell. Our approach is based on the unique properties of biocompatible fluorescent nanodiamonds, 37, 38 which are broadly used as fluorescent labels, and expands their potential applications to fluorescent sensors reporting on a specific molecular event. We drew on two main principles for construction of the nanodevice. First, upon oxidation, the HPHT FND surface is negatively charged and strongly binds the prototypical transfection reagent PEI. 12, 13 Second, the spectral distribution of FND fluorescence originating from NV color centers, is a powerful tool to monitor changes in the bonding environment close to the FND surface. NV centers in nanodiamonds are widely used for fluorescence-based detection techniques because they provide an exceptional combination of unlimited photostability, emission in the near-infrared region and lack of photoblinking. 39 These properties have been utilized in a vast range of applications, from physics to biological applications such as single particle tracking inside cells, 37 long-term in vivo particle tracking, 40 tracing of neuronal processes, 41 analysis of relationships between the particle shape and intracellular fate 42 and fluorescence imaging in vitro [43] [44] [45] and in vivo. 40, 46 Moreover, NV centers exhibit quantized electron and spin states, allowing optical manipulation even in a cellular environment. 47, 48 Recently, we discovered that fluorescent nanodiamonds are among the very few types of nanosensors that enable direct optical reading of noncovalent molecular events. 14 The unique sensing mechanism is based on switching between the negatively charged and neutral states of NV centers which is induced by interaction of the FND surface with charged molecules. Notably, the detection is inherently insensitive to particle size polydispersity and operates as an intrinsic ratiometric system containing a natural non-photobleachable reference. In the presented approach, the non-covalent sensing capabilities of the NV color center, 14 combined with the unique chemical properties of the diamond surface, 49 led us to design a device that simultaneously enables effective vectoring of a DNA molecule to cells and serves as a nanoscopic electric charge sensor imaging complex molecular events, such as release of non-labeled DNA from an FND-PEI complex inside a cell during transfection.
Methods

Preparation of fluorescent nanodiamonds
Nanodiamond powder was supplied by Microdiamant, Switzerland (MSY 0-0.05; average diameter of nanoparticles ∼35 nm). 50 Nanodiamonds were treated with a mixture of followed by sonication for 2 h. The FND-PEI-DNA complex was isolated by centrifugation at 14 000g for 15 min, and the pellet was resuspended in an appropriate amount of DNAsefree water (Qiagen) to obtain a stock solution of 2 mg per ml FND-PEI-DNA.
Cell transfection and quantitative real-time PCR
IC-21 and HT-29 cell lines were maintained in RPMI1640 media supplemented with 20% and 10% fetal bovine sera, respectively. DNA (137-bp fragment or pGFP) was delivered into the cells using FND-PEI (25 µg per ml FNDs), PEI (3.3 µg ml −1 , equivalent to the amount that covers FND surfaces) or the commercial transfection reagent X-tremeGENE HP DNA (Roche; 3 : 1 ratio, here, the manufacturers protocol has been followed). After 18 h incubation, we detected the level of transfected 137-bp fragment by real-time PCR with a TaqMan® probe using a commercial set of internal primers and probes for mouse beta-actin (TaqMan® Assay, Life Technologies). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene amplification was used as a reference, and quantitative levels were determined with Bio-Rad iQ5 2.0 software. All samples were performed in biological and technical triplicates. The 137-bp DNA fragment amplified and/or FAMlabeled was used in confocal analyses, PL measurements and toxicity assays.
Flow cytometry analysis
The equivalent of 10 5 cells IC-21 maintained in RPMI1640 media supplemented with 20% fetal bovine sera was seeded on a 12-well plate (In Vitro Scientific, USA). The AlexaFluor 488-modified oligonucleotide (0.25 µl, 1 mM solution, see Preparation of DNA) was incubated with a 12.5 µl FND-PEI complex (1 mg per ml of FND-PEI, sonicated for 30 minutes) for 60 minutes at room temperature. The FND-PEI-DNA complex was isolated by centrifugation at 14 000g for 15 min, and the pellet was resuspended in an appropriate amount of DNAse-free water (Qiagen) to obtain a stock solution of FND-PEI-DNA (1 mg ml −1 ). IC-21 cells were incubated with the FND-PEI-DNA complex (final concentration 25 µg ml −1 ) for 30, 60, and 120 min. In parallel cell samples, an equal amount of the oligonucleotide was delivered into the cells using the commercial transfection reagent X-tremeGENE HP DNA (Roche; 3 : 1 ratio; the manufacturers protocol has been followed). At the end of the incubation period, cells were harvested, washed, and resuspended in PBS. Before the flow cytometry analysis, dead cells were stained with Hoechst 33258 (staining dead cells) for 5 minutes and the samples were measured with a flow cytometer BD LSR II and analyzed with a FlowJo 7.2.2 software.
Confocal microscopy
Colocalization 
Photoluminescence measurements
If not stated otherwise, PL spectra were recorded using a Renishaw InVia Raman microscope; the excitation wavelengths were 514 nm and 488 nm with 15 mW laser power, using 50× long infinity corrected distance objective (numerical aperture 0.4). The measurements in aqueous solution (0.2 mg ml −1 ) and in cell medium (the same type as used for cell incubation) were performed in a Hellma fluorescence cuvette (type no. 105.252-QS). For cellular measurements, FND, FND-PEI or FND-PEI-DNA (final concentration 25 µg ml −1 ) were incubated with cells for 30, 60 and 120 min, washed with PBS (to remove efficiently the particles localized extracellularly), fixed in ethanol and stored at −20°C before measurements. Measurements were performed from intracellular regions on 10 cells for each sample. Data show average of 10 measure-ments after background subtraction. All the measurements were performed using a 50× long distance objective.
WST-1 assay
The biocompatibility of the FND systems was evaluated using a WST-1 assay according to the Roche on-line manual. Cells (5 ×  10 3 ) were incubated with FND, FND-PEI or FND-PEI-DNA (final concentration 25 µg ml −1 ) for 24 h. The absorbance of formazan, a product of tetrazolium salt cleavage in proliferating cells, was measured at 450 nm. A reference absorbance was measured at 630 nm, and 1% SDS served as a negative control of proliferation. Experiments were performed in triplicate.
Zeta potential measurements and dynamic light scattering
Dynamic light scattering and zeta potential measurements were recorded with a Zetasizer Nano ZS system (Malvern Instruments) at room temperature. Sample concentrations were 0.5 mg ml −1 . For zeta potential measurements, the 'dip cell' was used.
Colocalization analysis
To evaluate the statistical significance of the FND and FAM signal colocalization obtained with confocal microscopy, we performed colocalization analysis using Huygens Essential software (SVI, NL). The analysis included overlap, characterization of the degree of overlapping signals from red (FND) and green (FAM) channels and established colocalization coefficients. We analyzed colocalization coefficients (k 1 and k 2 ) that characterize the contribution of each signal (FND and FAM) to the overlap value. The overlap (r o ) and colocalization coefficients (k 1 and k 2 ) were calculated by Huygens Essential colocalization analysis according to the following formulae (http:// www.svi.nl):
The value of r o is between 0 and 1. R i and G i are the intensities of the red and green channels, respectively.
Results and discussion
Principle of simultaneous vectoring and imaging
We constructed an FND device for intracellular NA delivery and monitoring using nanodiamond particles coated with lowmolecular-weight branched PEI, which readily forms a complex with short DNA fragments and plasmids (Fig. 1a) . The DNA binds electrostatically to the FND particle, forming a FND-PEI-DNA complex that penetrates the cell and liberates active DNA molecules. 
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To PL spectra recorded from aqueous solutions of FND-PEI and FND-PEI-DNA complexes and from oxidized FNDs using a confocal Raman setup with green laser excitation are shown in Fig. 1c . The wide PL bands observed at the higher wavelength side of ZPLs of NV − or NV 0 centers are related to the phonon replicas of ZPLs. 61 We built the FND sensor using oxidized FNDs 62 in which the luminescence is dominated by the NV − ZPL. After attachment of polycationic PEI molecules, the NV − ZPL luminescence is dramatically reduced, while NV 0 ZPL luminescence is slightly enhanced. Upon formation of the FND-PEI-DNA complex, the NV − ZPL luminescence is completely restored. Because of the non-covalent nature of these molecular events, the charge switching is reversible, and the sensing system responds dynamically to the association/dissociation of the corresponding complexes. The dynamic changes in the NV states caused by the interaction with nonlabeled DNA can also be monitored by color changes of the luminescence emitted from FNDs. When the NV − /NV 0 ratio changes the luminescence shows a color shift (see Fig. 1a ), allowing us to optically visualize the molecular events occurring on the FND surface. This behavior corresponds to our previous findings on interaction of charged polymers with FNDs: NV − related luminescence intensity was substantially depleted upon non covalent binding of quaternary ammonium-or amine-containing polymers. 14 To confirm the charge changes on FND particles, we measured zeta-potentials of the individual complexes. The negative zeta potential of uncoated oxidized FNDs (−33 mV) became positive after coating with PEI (+36 mV). Attachment of DNA led to restoration of negative zeta potential (−34 mV). These results justify our assumption that the PEI positive charge is compensated by DNA binding.
Optical monitoring of DNA transfection and release in macrophages
By confirming the successful construction of a FND NA carrier, we monitored the delivery of DNA molecules and their release into the cytoplasm in macrophages (IC-21). Macrophages represent an isolated cell population (circulating blood cells) that easily takes in a substantial amount of nanoparticles present in the surrounding media.
For these model experiments, we prepared a random 137-bp double-stranded DNA fragment (see Methods for fragment synthesis details) that had no function in the transfected cells, consequently it was not amplified by any cellular mechanism, and was labeled at the 5′ end with fluorescein (FAM). We recorded fluorescence signals from confocal microscopy using two independent reading channels. The first monitors the fluorescence of NV centers (i.e. both NV − and NV 0 charge states) and senses DNA release, while the second, or control channel, tracks the FAM label. FAM does not interfere with the NV fluorescence and enables an independent colocalization of the FND and DNA signals in this model experiment. We point out that we always set the focus depth on an intracellular structure (cell nuclei stained with DAPI). This enabled us to distinguish fluorescence originating in non-internalized and internalized FND-PEI-DNA complexes.
Before the FND-PEI-DNA complexes entered the cells, we confirmed that the fluorescence signal and specific signature of NV centers (i.e. combined NV − and NV 0 fluorescence) were colocalized with the signal of FAM-labeled DNA, indicating the stability of the complex in the medium. Additionally, in the medium or cellular environment, nanoparticles are usually covered by a protein corona 63 that might influence the observed NV PL changes. To rule out this possible phenomenon, we studied the PL spectra of uncoated FNDs and FND-PEI complexes in media and inside cells after particle internalization. However, no significant spectral changes in the NV luminescence were observed for FND in the media and after internalization (see ESI Fig. S1a and b †) . We added FND-PEI-DNA particles to macrophage cultures (see Methods) and observed the transfection process (Fig. 2) .
At the beginning of the experiment, the green FAM-labeled DNA signals and red luminescing NV centers (NV 0 and NV − luminescence were integrated in a red detection channel) colocalized. The luminescence data indicate that both components stay together until they enter the cytoplasm (Fig. 2a) . After the FND-PEI-DNA complexes were transfected into live cells, the red NV and green FAM signals quickly delocalized, indicating the release of the FAM-labeled DNA from the FND-PEI-DNA complex. Using an Olympus colocalization analytical tool, we visualized the colocalization of extracellular FND-PEI-DNA complexes as well as a separation of the FND signal that persisted in the cytoplasm after the delivery of FAM-labeled DNA. A representative graph of this analysis is shown in ESI Fig. S2 . †
To describe the effect of DNA release quantitatively, we used colocalization analysis and determined colocalization coefficients k 1 and k 2 for individual time points (characterizing the contribution of FND and FAM channels to the total spectral overlap; see Methods) (Fig. 2c) . Coefficient k 1 corresponds to the colocalization of the FAM intensity weighted by the total FAM and FND signals. Coefficient k 2 reflects the FND signal contribution and is reciprocal to k 1 . It could be confirmed that FAM-based fluorescence is much less photostable than FND fluorescence. The visualization of a combined color signal from FND and FAM-labeled DNA is therefore restricted to the extracellular environment and to the early phase of internalization. Correspondingly, we observed a partial dimming of the overall FAM signal during the experiment (apparently caused by FAM photobleaching). Nevertheless, the time evolution of the calculated colocalization coefficients clearly indicates that the release of the FAM-labeled DNA from the FND-PEI-DNA complex has occurred.
In parallel with the colocalization measurements (excitation with a 488 nm blue laser), we independently monitored the NV luminescence using confocal microscopy (excitation with a 514 nm green laser) and measured the characteristic spectral response of NV centers over the course of time. The PL spectra of NV centers at time points 30, 60 and 120 minutes after addition of FND-PEI-DNA complexes to the cells are plotted in Fig. 2b . We observed a significant decrease in the NV − /NV 0 ratio over time that correlated very well with the decrease in overlap and k 1 coefficient (which corresponds to DNA release; see Fig. 2c ). These changes also agree well with the fluorescence changes observed in our model experiments in solution. Based on these data, we attributed the decrease in the NV − /NV 0 PL ratio to the intracellular release of DNA from the FND-PEI-DNA complex. Notably, no FND photobleaching occurred during the experiment because of the extreme photostability of NV luminescence. The observed spectral changes in the NV − /NV 0 luminescence therefore can be directly used for monitoring the changes in surface charges accompanying the process of DNA unpacking and release from FNDs. Interestingly, we found that FNDs localized in the cytoplasmic region, but not in the nucleus, which is in agreement with other studies. 12, 43 Based on analogy with naked FNDs, we assume that FND-PEI-DNA particles enter the cell via endocytosis, and due to their sharp shape, escape the endosome by rupturing the endosomal membrane. 42, 64 For independent proof of the transfection efficiency of the FND-PEI-DNA complex we used the flow cytometry analyses (Fig. 3a and ESI Fig. S4 †) . We quantitatively compared the performance of FND-PEI and a commercial transfection reagent X-tremeGENE HP DNA for transfection of IC-21 cells with Alexa Fluor 488-labeled DNA oligonucleotide (see Methods). The percentage of cells positive for the Alexa Fluor 488 signal in 30, 60, and 120 min after transfection is shown in Fig. 3a . Two hours after transfection, we observed significantly higher Alexa Fluor 488-positive cell count in samples transfected with FND-PEI-DNA compared to the commercial reagent (81% of positive cells using the FND-PEI, 68% using the X-tremeGENE HP DNA).
We also compared cytotoxicity estimated from a number of Hoechst-positive cells (Fig. 3b and ESI Fig. S4 †) . The cytotoxicity for FND-PEI-DNA was low in all cases, ranging from 6 to 17%. For shorter incubation times (30 and 60 min) the commercial reagent exhibited significantly higher cytotoxicity than the FND-PEI-DNA system (23 and 24%, respectively). After 120 min we found the cytotoxicity comparable for both reagents. We assume that the toxicity of the commercial reagent was triggered by the internalization process and later on those damaged cells were disintegrated and washed away during the preparation of samples for analysis. This resulted subsequently in apparently lower toxicity in 120 min (12%).
Optical monitoring of DNA internalization verified by PCR in human colon cancer cells
Our experiments with IC-21 macrophages provided proof-ofprinciple that our nanodiamond complexes can be used for monitoring of DNA delivery and release into the cytoplasm. As a next step, we tested DNA delivery and release in a more challenging system: HT-29 human colon cancer cells, which represent an established diagnostic and therapeutic target. First, we performed similar experiments with HT-29 as with macrophages and imaged the transfection and release of DNA from an FND-PEI-DNA complex.
Confocal imaging confirmed that FND-PEI-DNA complexes serve as an efficient transfection system combined with tracking and intracellular sensing capabilities (Fig. 4a) .
To verify that the DNA fragment had been successfully transported into the cells using the FND-PEI carrier, we performed quantitative real time PCR analysis. We observed an abundant level of the transfected 137-bp sequence in cells Statistical significance of differences between tested groups was calculated by Student's t-test. Values of p ≤ 0.05 (*) and p ≤ 0.01 (**) were considered to be statistically significant.
incubated with FND-PEI-DNA, indicating successful transfection of the DNA fragment (Fig. 4b) .
Because PEI itself can serve as a transfection reagent, we performed a control transfection with free PEI. We obtained a similar level of transfected DNA using FND-PEI-DNA and PEI-DNA alone. This indicates that anchoring DNA via PEI to FNDs does not reduce the binding capacity of PEI to DNA or alter the transfection efficacy. As another control, we used the commercial transfection reagent X-tremeGENE HP DNA at a dose corresponding to the amount of DNA adsorbed to FND-PEI and under conditions recommended by the supplier. Cells transfected with X-tremeGENE HP DNA exhibited a lower level of the DNA fragment than cells transfected with FND-PEI-DNA or PEI-DNA (Fig. 4b) .
We demonstrated in this way the high efficiency of both FND-PEI-DNA and PEI-DNA transfection systems for the DNA fragment used. However, FND-PEI as a transfection carrier showed a much lower impact on the cell mitochondrial activity than PEI alone, as determined by the WST-1 assay, which illustrates the mitochondrial activity of living cells (Fig. 4c) . In comparison with cells transfected with PEI-DNA, cells transfected with FND-PEI-DNA showed mitochondrial activity comparable to control cells treated with medium alone. These results can be explained by the fact that PEI remains strongly bound to the FND surface after transfection and is not released into the cells, preventing its toxic impact. 7, 65 Verification of DNA transfection with a GFP expression plasmid
To confirm that DNA is successfully released to the cytoplasm in an active form after it gets separated from its FND-PEI carrier, we employed a control green fluorescent protein expression plasmid ( pGFP) bound to the FND-PEI carrier. If released in the cell from the FND-PEI transfection carrier, pGFP would undergo transcription and translation, resulting in the formation of GFP protein, which can be easily visualized due to its inherent fluorescence. We transfected IC-21 and HT-29 cells with the FND-PEI-pGFP complex and with X-tremeGENE HP DNA complexed with pGFP. Two days after transfection, we observed a fluorescence characteristic for GFP expression. For IC-21 cells which engulfed a large amount of FND-PEI-pGFP and produced a large quantity of GFP protein, the signal was granular and showed a colocalization with NV center fluorescence (Fig. 5) . For HT-29 cells with lower transfection efficacy we did not observe such signal overlap (see ESI Fig. S5 †) .
We also detected NV center fluorescence in the cytoplasm of cells transfected with FND-PEI-pGFP. Generally, once internalized, the pGFP produces a fluorescent GFP and they both persist in cytoplasm, next to FND particles, till the cell dies or divides enough to dilute them off. Our observation confirms that the pGFP is delivered into cells as a FND-PEI-pGFP complex, but soon after internalization, the DNA splits from the carrier and goes successfully through a translation process. Without this splitting from the FND-PEI carrier, the plasmid DNA cannot produce the fluorescent protein.
Interestingly, in Fig. 5 we can see a different morphology of IC-21 cells transfected with the GFP expressional plasmid. Here, a substantial amount of the pGFP with or without nanoparticles has been engulfed by phagocytizing cells and the subsequent expression of the GFP protein in a large quantity (see above) exhibited characteristic signs of toxicity. 66 However, we
have not experienced such a toxic effect of GFP in HT-29 cancer cells, which originate from colon tissue and secrete a protective layer of mucin-type glycans. This protective syncytium-like coat apparently obstructs the DNA delivery, so a good portion of transfection complexes persist glued on the cell surface without being internalized. This is shown in ESI  Fig. S5 , † where only a few colon cancer cells have internalized FNDs and/or pGFP (for comparison with internalization rate in macrophages see Fig. 5 ).
Conclusions
We have developed a non-toxic nanoscale diamond carrier for simultaneous transfection of cells and spatiotemporal fluorescence imaging of DNA payload release that does not require DNA labeling. The system is based on FND particles non-covalently coated with a cationic PEI polymer, which forms reversible complexes with DNA. The fluorescence of particles originates in NV color centers, which occur in neutral (NV 0 ) or negative (NV − ) charge states. Changes in the electrical charge environment in proximity to the FND surface correspond to complex molecular events such as binding and release of DNA. We harnessed this phenomenon, manifested by a color shift of the emitted luminescence, for monitoring of the course of transfection and intracellular release of non-labeled DNA. Our nanoprobe device thus reports directly on biomolecular interactions occurring at the cellular level with high spatial resolution, it is cytocompatible with different cell types and can operate in living cells for a prolonged period of time. Moreover, in comparison with a commercial transfection reagent, the transfection efficiency of FND-PEI is higher. Our results support recent findings regarding a great potential of fluorescent nanodiamonds in biological research and confirm them as excellent carriers/probes for biological macromolecules such as DNA. We believe that the detection mechanism we presented can be utilized for the construction of various types of nanoscale sensors monitoring directly the changes in charge or electrical field using NV centers in FND.
